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a  b  s  t  r  a  c  t
Glossoscolex  paulistus  (HbGp)  extracellular  hemoglobin  is a giant  oligomeric  protein.  It  is  constituted  by
144  heme  containing  subunits  and  non-heme  structures  (linkers),  with a total  molecular  mass  of  3.6  MDa.
AUC  and  DLS  studies  were  developed  for  three  HbGp  forms,  oxy-,  met-  and  cyanomet-,  at  several  pH
values,  in  order  to  characterize  the  species  in  solution  upon  oligomeric  dissociation.  Isolated  SEC  fractions,
trimer  and  dodecamer,  are  less  stable  as  compared  to  the whole  oxy-HbGp.  The  monomer  d displays  a
large  thermal  stability  up  to 59 ◦C. Hydrodynamic  properties  of the  isolated  subunits  are  very similar
to  those  described  for them  in the  whole  protein,  in  the presence  of urea  or at pH  10.0.  The  degree  ofbGp
H
ligomeric dissociation
UC
LS
HbGp  oligomeric  dissociation,  in  alkaline  pH,  depends  signiﬁcantly  on  the  iron  oxidation  state.  Also  on  the
ligand coordinated  to the heme  iron.  Thus,  at pH  8.0,  the oxy-HbGp  is partially  dissociated,  while  the met-
form  is fully  dissociated.  The  cyanomet-HbGp  remains  undissociated.  Our  present  results  show  that  the
effect  of  pH on  the  HbGp  oligomeric  stability  is similar  to that  associated  to  the  urea-induced  unfolding.
Simultaneous  use of AUC  and  DLS  allowed  the characterization  of the species  in  the  SEC fractions  of
isolated  HbGp  subunits.. Introduction
Giant extracellular hemoglobins, also known as erythrocruorins,
ave been investigated as a model of extreme complex-
ty in oxygen-binding heme proteins [1,2]. These extracellular
emoglobins are characterized by a very high molecular mass
MM),  a high resistance to oxidation and a high oligomeric stability
hen subjected to conditions of stress such as high tempera-
ure, pH variation, and addition of chemical agents, such as urea
nd surfactants [3–6], as compared to, for instance, with human
emoglobin. These properties make them an interesting and impor-
ant system for investigation [2,7], being also an advantage in
iomedical applications. In this context, a strong motivation to
tudy some of these giant hemoglobins is related to their poten-
ial use as blood substitutes. Studies have been performed in the
ast for HbLt [8], and are presently underway to test and validate
he use of Arenicola marina hemoglobin (HbAm) in this direction
9,10].The extracellular hemogobin of Glossoscolex paulistus (HbGp)
as a molecular mass of 3600 kDa, determined by analytical
ltracentrifugation [11]. This protein has an oligomeric structure
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composed by 144 globin chains, and 36 additional chains lack-
ing the heme group, named linkers, similar to the orthologous
Lumbricus terrestris hemoglobin (HbLt [12]). Royer et al. describ-
ing the crystal structure of HbLt [12,13] have suggested that the
Vinogradov model is very consistent with the crystal subunits
arrangment. Besides, a very recent preliminary work on the crys-
tal structure of HbGp [14] has also suggested a strong similarity
between HbGp and HbLt, both belonging to class 1, where the two
hexagonal layers forming the bilayer are rotated by 16 degree, one
relative to another. MALDI-TOF-MS and analytical ultracentrifuga-
tion earlier studies suggest that HbGp has the same stoichiometry
as HbLt, based on the Vinogradov model, which assumes that the
whole protein is composed by twelve protomers, each constituted
by a dodecamer of globin chains and a trimer of linkers [(abcd)3L3]
[1,4,15]. Here a, b, c and d are globin chains forming an asym-
metric tetramer abcd, composed of a disulﬁde bonded trimer abc
and a monomeric subunit d. Three linkers chains, L1, L2 and L3
complete the native protomer structure. Recently, HbGp character-
ization studies by SDS-PAGE electrophoresis and MALDI-TOF-MS
have shown that the subunits d and c have several isoforms [16].
Thus, the presence of the isoforms in this hemoglobin implies a very
complex arrangement of these subunits in the oligomeric structure.
Analytical ultracentrifugation (AUC) studies of HbGp, at pH 10.0,
have shown that the whole oligomer dissociates into monomer
subunit d, dimer d2, trimer abc, and tetramer abcd. However,
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or cyanomet-HbGp, besides the appearance of these smaller sub-
nits, some fraction of undissociated whole protein remains in
olution (17%), due to the fact that the cyanomet-form is more sta-
le than oxy-HbGp, at pH 10.0 [4]. AUC data show that the c(S)
urves are constituted by a single peak, suggesting that oxy- and
yanomet-HbGp forms are very stable, at pH 7.0, presenting a high
omogeneity [11]. In the native form, oxy-HbGp has an O2 molecule
s the sixth ligand to the iron in the reduced state Fe2+. This is
he active functional form of hemoglobin, presenting high oxygen
fﬁnity [17]. The two oxidized forms studied in the current paper,
yanomet-HbGp and met-HbGp, have, respectively, a cyanide ion
CN−) ligand and a water molecule, coordinated in the sixth coor-
ination position to the iron, in the oxidized state (Fe3+ [18]). The
N− ligand has a greater tendency to accept  electrons from the
eme iron than, both the coordinated water or the O2 molecule. This
nteraction results in a trans-stabilization of the Fe3+ His 93 bond,
eading to an increase of stability of the cyanomet-myoglobin, as
ompared to the oxy- and met-forms [19].
Previous studies by dynamic light scattering (DLS [20]), SAXS
21] and AUC [4] show that the alkaline pH induces the oligomeric
issociation of the native proteins while in acidic pH the sta-
ility is larger as compared to the pH 7.0. However, a detailed
tudy on the dissociation mechanism of the oligomeric structure,
s well as, regarding the species formed in the solution is neces-
ary for the understanding of the HbGp structure. Thus, the focus
f the present work is the characterization of the different sub-
nits in the equilibrium, evaluating the dissociation process and the
ligomeric stability, at different pH values, for the met-, cyanomet-
nd oxy-HbGp forms. This study was performed using AUC and DLS
echniques.
. Materials and methods
.1. Protein extraction and puriﬁcation
Glossoscolex paulistus annelid is prevalent in sites near Piraci-
aba and Rio Claro cities in the state of São Paulo, Brazil. G. paulistus
emoglobin (HbGp), in the oxy-form, was prepared as described
lsewhere [18,21]. The ﬁnal protein concentration in our stock solu-
ion was in the range of 15–40 mg/mL, in Tris–HCl 100 mmol/L
uffer, pH 7.0. The cyanomet-HbGp and the met-HbGp were pre-
ared from the oxy-HbGp, as described previously [6,18]. Oxidized
et-HbGp was obtained through reaction with a 5-fold molar
xcess of potassium ferricyanide K3[Fe(CN)6] relative to heme, in a
 mL  of oxy-HGp solution, followed by 2 h incubation. The excess of
xidant was removed by dialysis against the same buffer for 3 h. To
btain the cyanomet-HbGp form, the met-HbGp was further incu-
ated with a 5-fold molar excess of potassium cyanide KCN relative
o the heme and equilibrated for 2 h. The excess of cyanide was
emoved by dialysis against the Tris–HCl 100 mmol/L buffer for 3 h
18]. All concentrations were determined spectrophotometrically
sing the extinction coefﬁcients ε415 nm = 5.5 ± 0.8 (mg/mL)−1 cm−1
or oxy-HbGp, ε420 nm = 4.8 ± 0.5 (mg/mL)−1 cm−1 for cyanomet-
bGp, and ε403 nm = 4.1 ± 0.7 (mg/mL)−1 cm−1 for met-HbGp [6,18].
tock met-HbGp and cyanomet-HbGp concentrations after the dial-
ses were in the range between 20 and 25 mg/mL, respectively.
.2. Puriﬁcation of the subunits in alkaline medium
Oxy-HbGp, 25 mg/mL, was maintained in Tris–HCl 100 mmol/L
uffer, containing 0.3 mmol/L EDTA, at pH 9.6, for 15 h, followed by
H adjustment to 7.0, with the addition of HCl. The puriﬁcation of
bGp subunits was made by size exclusion chromatography (SEC)
ith a Superdex 200 TM preparative grade column coupled to an
KTA prime plus system (GE). The system was equilibrated withlogical Macromolecules 59 (2013) 333– 341
100 mmol/L Tris–HCl buffer, pH 7.0, and a ﬂow rate of 1 mL/min, and
an elution sample volume of 1 mL  were used. The elution was moni-
tored at a wavelength of 280 nm in the instrument and, additionally,
at 415 nm in a Shimadzu UV-1601PC spectrophotometer [16].
2.3. AUC and DLS experiments
AUC experiments were performed with a Beckman Optima
XL-A analytical ultracentrifuge. HbGp sedimentation velocity (SV)
experiments, in the three forms, were made at concentrations
ranging from 100 to 300 g/mL, in 100 mmol/L acetate–phosphate
containing 50 mmol/L NaCl, at a pH range from 5.0 to 9.0. The
samples were dialyzed for two days (48 h) against the 100 mmol/L
acetate–phosphate containing 50 mmol/L NaCl buffer, in order to
obtain the samples at different pH values, and the dialysates were
used as the reference solutions for all experiments in the AUC cell.
The protein dilutions were made 2 h before the AUC experiments
start, with the same buffer from the ﬁnal dialyses. For the trimer,
monomer d and dodecamer fractions, obtained from gel ﬁltration,
the SV experiments were made in 100 mmol/L Tris–HCl, pH 7.0,
containing 50 mmol/L NaCl. The rotor speed in the SV experiments,
performed at 20 ◦C, was in the range from 15,000 to 40,000 rpm
(An60Ti rotor), and the scan data acquisition was made at 415 nm,
in 7 min  intervals for each sample. Absorbance data were collected
using a radial step size of 0.003 cm.  The rotor temperature was equi-
librated to the running temperature prior to spinning of the rotor.
The sedimentation coefﬁcient value contains interferences
caused by temperature, viscosity () and density (), so we cal-
culated the standard sedimentation coefﬁcient at inﬁnite dilution
(0 mg/mL, S020,w). The S
0
20,w was estimated, by linear regression of
protein concentration data, only for the samples presenting a single
species contribution in the solution. The Sednterp software can be
used to estimate the sedimentation coefﬁcients at standard condi-
tions (water and 20 ◦C), called S20,w at each protein concentration
from the apparent s [22–27]. The new version of SEDFIT software
(Version 14.1) was  used to estimate directly the S20,w values, allow-
ing its presentation as the x-axis in the sedimentation coefﬁcient
distribution function, c(S). In the case of heterogeneous samples
the S20,w values for the species in the equilibrium were determined
individually, for each protein concentration, and the average values
are shown in Section 3.
The instrument Zetasizer Nano ZS (Malvern, UK)  was used on
the light scattering measurements for particle size determination.
The solutions were placed in the thermostated sample chamber
that is temperature regulated for measurements over an interval
from 25 to 70 ◦C, controlled with an accuracy of 0.1 ◦C. Experiments
were performed using the fractions recovered from gel ﬁltration
in Superdex 200 column of oxy-HbGp, at pH 7.0, after the pre-
vious treatment at pH 9.6. These fractions were dialyzed against
phosphate buffer 30 mmol/L, at pH 7.0, and concentrated in the
refrigerated centrifuge 5804R Eppendorf from Germany. The ﬁnal
concentrations of the gel ﬁltration fractions were in the range from
0.5 to 3.0 mg/mL.
2.4. AUC data analyses
Sedimentation coefﬁcient distribution function, c(S), was
obtained by using SEDFIT program [27] and the “Continuous c(S)
Distribution” model. This software models the Lamm equation so
as to discriminate the spreading of the sedimentation boundary due
to diffusion [25,26]. The c(S) distributions were obtained, keeping
ﬁxed the Vbar at 0.733 mL/g, and leaving the frictional ratio, f/f0, as
the regularization parameter of the ﬁtting process. The viscosity ()
and density () for each protein concentration were ﬁxed. The vis-
cosity and density of 0.01048 poise and 1.0098 g/mL, respectively,
were determined for acetate–phosphate buffer, and 0.010389 poise
F.A.O. Carvalho et al. / International Journal of Bio
Fig. 1. Superdex 200 gel ﬁltration chromatograms of oxy-HbGp, 25.0 mg/mL, in
Tris–HCl 0.1 mol/L, 0.3 mmol/L EDTA, pH 7.0, at 25 ◦C. Detection wavelengths are
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a80 and 415 nm.  Roman numerals (I–VI) correspond to, respectively, the whole pro-
ein, the dodecamer (abcd)3, the tetramer abcd, the trimer abc, the linkers, and the
onomer d species, obtained for alkaline dissociation.
nd 1.00316 g/mL for Tris–HCl buffer. Besides, the distribution reg-
larization method used was based on the “maximum entropy
ethod” with a conﬁdence interval P = 0.85.
The analyses of MM of the subunits present in solution in the SV
xperiments were made from the global ﬁtting with the “Species
nalysis” model of the SEDPHAT program (version 9.4 [26,27]).
ll parameters were allowed to ﬂoat freely and then the statisti-
al analyses were performed. The statistic method used was the
Monte-Carlo non-linear regression” with, at least, 200 iterations
nd a conﬁdence level of 0.68.
. Results and discussion
.1. Characterization of the HbGp subunits
HbGp in the three forms, oxy-, met- and cyanomet-, has been
haracterized in the present study, as a function of pH, focusing the
ligomeric intermediates present in the equilibrium in the solution.
lthough, some previous investigations on the effect of pH upon
he HbGp oligomeric structure have been reported in the literature
18,20,21], a detailed study regarding the characterization of the
pecies involved in the equilibrium is yet not available.
The HbGp subunits used in the AUC and DLS experiments in
he current work were obtained by size exclusion chromatogra-
hy (SEC) according to the procedures described in Section 2.2.
n Fig. 1 a SEC chromatogram is presented showing the differ-
nt species obtained from the alkaline dissociation used in this
ork. Four main well resolved peaks are observed and two small
houlders correspond to poorly resolved species (tetramer and link-
rs). All the peaks are identiﬁed by roman numerals (I–VI). The
ain components are associated to the whole protein (fraction
), dodecamer (abcd)3 (fraction II), trimer abc (fraction IV) and
onomer d (fraction VI). AUC and DLS studies were performed
nly for the more intense and better resolved species, namely, the
rimer, dodecamer and monomer d. The composition and purity of
ach species shown in Fig. 1 were reported in detail in previous
tudies [16,20]. Only a qualitative characterization of these species
as presented for each fraction [16]. The trimer fraction (peak IV),or instance, presented contributions from linkers chains and the
rimeric subunit abc, while for the monomer d fraction (peak VI) a
ingle band was observed in SDS-PAGE electrophoresis, suggesting
 high purity of this fraction. The addition of EDTA to the protein,logical Macromolecules 59 (2013) 333– 341 335
upon the alkalization treatment, improved the dodecamer yield
in the chromatography, as compared to previous studies [16]. The
quantiﬁcation of species contributions as well as precise molecular
masses by SDS-PAGE is not reliable. Therefore, additional studies
based on other techniques are needed for the characterization of
species contributions in solution.
3.1.1. AUC studies
In Fig. 2 continuous sedimentation coefﬁcient distributions
curves, c(S), for three different subunits that constitute the whole
HbGp, at pH 7.0, are shown. Fig. 2A and B corresponds, respectively,
to the trimer abc and the dodecamer (abcd)3 fractions, obtained
through size exclusion chromatography (SEC) on a Superdex 200
column of a sample of oxy-HbGp, submitted to a previous incuba-
tion, at pH 9.5, for 15 h. The trimeric fraction distributions, c(S),
are composed of two peaks with sedimentation coefﬁcients of
3.6 ± 0.2 S (more intense peak) and 5.7 ± 0.2 S (Table 1). The ﬁrst
peak in Fig. 2A is associated to the trimer abc and the second one
can be a complex formed by the association of the trimer abc and
one linker chain (abc + L). According to literature studies of char-
acterization of HbLt subunits by sedimentation velocity, the S20,w
values of 3.93 S, 3.78 S and 3.46 S are associated to the trimer abc
[28]. The present c(S) curves exhibit an intense major peak, indi-
cating large homogeneity of the trimeric fraction obtained by SEC
[16]. The percentage contributions for the two  species were deter-
mined through the peaks areas and the values are shown in Table 1.
The observed contributions for the trimer abc and the trimer plus
linker (abc + L) are 87 ± 4% and 13 ± 2%, respectively. The corre-
sponding molecular masses (MM)  and Stokes radius values, Rs, are
51.0 ± 0.4 kDa and 3.4 ± 0.1 nm for the trimer abc, and 80 ± 3 kDa
and 4.3 ± 0.2 nm for the (abc + L) species. The MM value obtained
from our SV data for the trimer abc is quite reasonable, as com-
pared to the MM value of 51.1 kDa determined by MALDI-TOF-MS
[15] and to the value of 52.8 kDa obtained for the trimer abc of the
HbLt hemoglobin [29,30]. Moreover, despite the large difference of
the Stokes radius (Rs) value extracted from the SEDFIT ﬁtting rou-
tine for the trimer of 3.4 ± 0.1 nm and the hydrodynamic diameter,
DH, of 12 ± 1 nm obtained by DLS (see the seventh column of the
Table 1), it should be noticed the fact that the DLS values are an aver-
age of all species in the solution, so that 13% of (abc + L) contribute
signiﬁcantly to this value. Previous studies of SDS-polyacrylamide
gel electrophoresis [16] show that the trimeric fraction obtained by
SEC has a signiﬁcant contribution of linkers chains.
The c(S) curves for the dodecameric fraction are also composed
by two contributions (Fig. 2B). The larger peak contributing 78 ± 4%
of the total, with a S20,w 9.7 ± 0.2 S and MM of 202.4 ± 0.8 kDa, is
attributed to the dodecamer (abcd)3. An additional peak, contribut-
ing 22 ± 5%, is observed in the distribution curves. The MM and S20,w
values for this species are 68.8 ± 0.7 kDa and 5.2 ± 0.3 S, respec-
tively, and characterize the tetramer abcd. This species is formed
from the partial oligomeric dissociation of the dodecamer in our
solution conditions. The S20,w and MM values are consistent with
the values found for the dodecamer (abcd)3 and tetramer abcd in
previous work [15,16], and with data reported for HbLt hemoglobin
[28,29]. Studies with the HbLt, in the presence of several chaotropic
agents, show that the dodecamer is the main intermediate in the
dissociation process. Moreover, the dodecamer (abcd)3 presents a
similar afﬁnity to O2 as compared to the whole protein, suggesting
that the (abcd)3 must be the functional unit in the native structure
in the oxygen binding process. Other smaller subunits, such as the
trimer abc and the monomer d do not present the same afﬁnity
to the O2 molecule [17]. Krebs and co-workers showed, by SAXS
and sedimentation studies, that the molecular shapes of the oxy-
and deoxy-forms of the dodecamer, in the presence of urea, are
the same, and the O2 molecule afﬁnities of dodecamer and whole
protein are similar, and the oxygenation parameters of dodecamer,
336 F.A.O. Carvalho et al. / International Journal of Biological Macromolecules 59 (2013) 333– 341
Fig. 2. Continuous sedimentation coefﬁcient distributions of HbGp isolated subunits, obtained from oxy-HbGp submitted to incubation at pH 9.5, through gel ﬁltration
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hole protein and blood are similarly affected by the cations Ca2+
nd Mg2+ [28].
The SV experiments for the pure monomeric subunits d were
ade with three concentrations, 200, 400 and 800 g/mL, in
00 mmol/L Tris–HCl, containing 50 mmol/L NaCl, at pH 7.0, and
0 ◦C, to evaluate the oligomerization of this subunit (Fig. 2C).
he hydrodynamic properties for the monomer d are shown in
able 1. MM and S20,w values of 17.0 ± 0.5 kDa and 1.9 ± 0.1 S for
he monomer d, and 32.1 ± 0.5 kDa and 2.8 ± 0.2 S for the dimer
f the monomer d, d2, are similar to those described in previous
able 1
ydrodynamic properties for the HbGp subunits, at pH 7.0 and 20 ◦C, by sedimentation v
Samplesa Species Hydrodynamic properties
Rs (nm)b S20,w (S)c MM (kDa)d
Monomer d d 2.5 ± 0.3 1.9 ± 0.1 17.0 ± 0.5 
d2 2.9 ± 0.2 2.8 ± 0.2 32.1 ± 0.5 
d4 3.7 ± 0.3 4.4 ± 0.2 66.4 ± 0.7 
Trimer abc abc 3.4 ± 0.1 3.6 ± 0.2 51.0 ± 0.4 
abc  + L 4.3 ± 0.2 5.7 ± 0.2 80 ± 3 
Dodecamer (abcd)3 abcd 4.1 ± 0.1 5.2 ± 0.3 68.8 ± 0.7 
(abcd)3 4.8 ± 0.4 9.7 ± 0.2 202.4 ± 0.8 
pecies d, d2, d4, abc, abc +L, abcd and (abcd)3 correspond to pure monomer, dimer of mo
nd  dodecamer, respectively.
a Species obtained by size exclusion chromatography (SEC) of the oxy-HbGp incubated
b Stokes radii estimated by the SEDFIT software.
c Data obtained from linear regression.
d Molecular masses estimated by the SEDPHAT software using a global ﬁtting of the th
e Hydrodynamic diameters obtained from scattering intensity DLS distributions.
f Critical temperatures obtained from melting curves by DLS measurements.
g PDI is the polydispersity index.
h Width at half-height of the ﬁrst peak of the size distributions, at 20 ◦C, shown in Fig. 3A–
i Hydrodynamic diameters obtained from number of particles DLS distributions (values were prepared in 100 mmol/L Tris–HCl, pH 7.0, 50 mmol/L NaCl. The baselines for
fferences. (A) Trimer abc, (B) dodecamer (abcd)3 and (C) monomer d. The S20,w for
 was monitored at 415 nm.
studies [4,15,16]. Additionally, the sample of the monomer d
presents a tendency to undergo oligomerization with formation of
dimer of monomer, d2 and tetramer of monomer, d4 (Fig. 2C and
Table 1). The percentage contributions for the species d2 and d4
are 15% and 5%, respectively (Table 1). A previous MALDI-TOF-MS
study has shown that the subunits d present molecular masses of
32 and 49 kDa, in addition to the main peak at 16.6 kDa that can be
attributed to dimer d2 and trimer d3 of the monomer d, respec-
tively. However, from our AUC data no contribution of trimeric
species d3 is observed [16]. It is worth mentioning that recent AUC
elocity (SV) and DLS.
Area (%) DH (nm)e Tm (◦C)f PDIg Width (nm)h
80 ± 7 59 0.14 4.2
15 ± 3 5.1 ± 0.5 (3.7 ± 0.2)i
5 ± 2
87 ± 4 42 0.31 13.5
13 ± 2 12 ± 1 (6.4 ± 0.3)i
22 ± 5 48 0.27 14.4
78 ± 4 14 ± 1 (8.2 ± 0.5)i
nomers, tetramer of monomers, trimer, trimer associated to a linker chain, tetramer
 for 15 h, at pH 9.60. The separation was performed at pH 7.0 [16].
ree protein concentrations used in the experiments.
C, and assigned to the trimer abc, dodecamer (abcd)3 and monomer d, respectively.
s in parenthesis).
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emperatures extracted from the melting curves data.
esults for HbGp also showed the appearance of smaller species in
he presence of urea (up to 4.0 mol/L). The corresponding S20,w and
M values were 9.2 S and 204 kDa for the dodecamer (abcd)3, 5.5 S
nd 69 kDa for the tetramer abcd, 4.1 S and 52 kDa for the trimer
nd 2.0 S and 17 kDa for the monomer d [31]. However, in the same
ay as in the present study, no contribution of trimeric species d3
s observed in the solution, even at high urea concentration.
The fractions obtained by size exclusion chromatography (SEC),
orresponding to the monomer d, trimer abc and dodecamer
abcd)3, have a high purity above 78%. Some intrinsic properties of
hese HbGp constituents are associated to the observations noticed
n the solution, such as, the tendency of oligomerization of the
onomeric fraction d into d2 and d4, the partial dissociation of the
odecamer into the tetrameric species, and the high afﬁnity of the
rimer to the linker chains leading to the formation of the complex
abc + L).
An additional SV-AUC experiment has been performed recently
n bovine serum albumin (BSA) solutions, with the same instru-
ent used in the present HbGp studies. The results show the
resence, besides the monomer fraction, of the dimer and tetramer
not shown). The sedimentation coefﬁcients of the observed BSA
pecies were very similar to those reported recently in reference
32].
.1.2. DLS studies
The particle hydrodynamic diameter (DH) was determined by
ynamic light scattering for the isolated subunits of HbGp. The
ntensity size distributions for the particles measured at differ-
nt temperatures for the HbGp subunits, at 1.0 mg/mL, at pH 7.0,
re shown in Fig. 3. The intensity size distribution for the trimer
bc, at 20 ◦C, presents two peaks with DH values around 12 nm
nd 100 nm,  suggesting the polydispersity of the trimer fraction
btained by SEC (Fig. 3A). The more intense peak with DH of 12 nmd subunits, at 1.0 mg/mL, in phosphate buffer 30 mmol/L, at pH 7.0, and indicated
is associated to a mixture of the pure trimer abc and the trimer
linked to a single linker chain (abc + L). The second population of
particles, with a higher DH of 100 nm and a smaller intensity, can
be attributed to the unfolded/aggregated protein. An interesting
question arises regarding why  this unfolded/aggregated species
is not observed in the sedimentation distribution curves c(S) pre-
sented in Fig. 2. These large particles, such as the aggregates, could
sediment quickly at the rotor speeds of 30,000 and 40,000 rpm,
used in the analytical ultracentrifugation experiments. However,
if their contribution was  above the limit of quantiﬁcation they
would be detected by AUC [33,34]. Therefore, the same DLS  data
(Fig. 3) were analyzed based on the number of scattering parti-
cles and the results are shown in Supplementary data (Fig. S1). It
is clear that the aggregates contribution is very low, since a single
mono-disperse distribution is observed in this case, for all frac-
tions obtained from SEC (Fig. S1). For the measurements, at higher
temperatures between 35 and 55 ◦C, little changes are observed in
the distributions. Moreover, at the highest temperature of 70 ◦C,
the equilibrium in solution is composed by a single species with
a broad peak that can be attributed to the unfolded/aggregated
protein (Figs. 3A and S1A).
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ijbiomac.
2013.04.070.
The intensity distribution curve of the particles for the dode-
cameric fraction, at 20 ◦C, is shown in the Fig. 3B, and is constituted
by two  peaks: the main one, with larger contribution in the solu-
tion, is assigned to the dodecamer (abcd)3. DH values of 14 nm
and 100 nm, observed for the ﬁrst and second peaks, are associated
to the pure dodecamer (abcd)3 and unfolded/aggregated protein,
respectively. However, it is possible that there is a contribution
of the tetrameric species abcd, which shows up in the c(S) curves
(Fig. 2B, AUC data), and is not observed in the Fig. 3B (ﬁrst size
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istribution). The absence of this species can be assigned to the
arge width at half-height values of 14.4 nm (broad peak in Fig. 3B,
ee Table 1, last column). The increase of temperature induces a
hift in the distribution for the dodecameric species to higher par-
icle sizes, with a transition near 55 ◦C and further increase at 70 ◦C.
urthermore, at 70 ◦C, the size of the particles for the dodecameric
raction is smaller as compared to that for the fraction of the trimer
n Fig. 3A. This smaller size of particles at the highest temperature
uggests that the dodecamer has a lower tendency to form larger
ggregates. Distribution curves for the monomer d present quite
maller changes with the increase of temperature (see Fig. 3C). The
rst species with DH around 5.1 nm is characteristic of the pure
onomer d, and the second species, around 100 nm, is assigned
o, probably, the unfolded monomer d in some kind of aggregate.
oreover, the large width at half-height of 4.2 nm for the monomer
eak might suggest a mixture of species, as for example, the con-
ributions of d2 and d4 in solution, in agreement with the AUC data
Table 1). The small changes suggest that the monomeric species is
uite stable regarding thermal unfolding.
The DH values obtained for the fractions from the DLS size dis-
ributions based on the number of particles (Fig. S1) are more
onsistent with the AUC data (Table 1). This is probably associated
o the fact that the DLS intensity size distributions have a signiﬁ-
ant inﬂuence of the small amount of large size particles that have
 large scattering contribution. Fig. S1 is also consistent with the
igh temperature stability of the monomeric fraction.
Fig. 4 shows the melting curves reporting the variation of DH,
s a function of temperature, for the HbGp subunits, at pH 7.0. The
rimer abc remains stable up to 42 ◦C. However, a small decrease in
H values around 38–40 ◦C suggests that the trimer fraction under-
oes some partial oligomeric dissociation, due to the presence of
inkers chains in the solution, as shown in the previous studies [16].
bove 42 ◦C, a signiﬁcant increase in the DH values is observed,
ig. 4. Melting curves for the HbGp isolated subunits, in the 30 mmol/L phosphate buffer
ig. 4A shows the enhanced plot in the temperature range from 24 to 52 ◦C.logical Macromolecules 59 (2013) 333– 341
assigned to the formation of a complex “aggregate” with DH of
200 nm (Fig. 4A). For the dodecamer (abcd)3, up to 48 ◦C, no changes
in the DH values are observed (Fig. 4B), suggesting that (abcd)3
is more stable as compared to the trimer abc upon temperature
increase. DH values of 54 nm,  associated to aggregated protein, are
observed. The dodecamer subunit has a smaller tendency to form
aggregates as compared to the trimer, and the aggregates sizes for
this species are 5-fold smaller (Fig. 4B). The melting curves also
show that the monomer d is quite stable toward thermal dena-
turation, and no drastic changes are observed in the DH values in
the whole range from 20 to 70 ◦C. However, above 59 ◦C, a slight
increase in the DH is observed, that can be attributed to the start of
the denaturation process. The critical temperature values observed
for the isolated species, the trimer and the dodecamer, are smaller
than the Tm value of 52 ◦C displayed by the oxy-HbGp in the native
undissociated form, at pH 7.0 [20].
3.2. Effect of pH in the HbGp stability
In Fig. 5A and B continuous sedimentation coefﬁcient distribu-
tions curves, c(S), for oxy- and cyanomet-HbGp forms, at pH 8.0, are
shown, respectively. For oxy-HbGp (Fig. 5A) several species appear
in the distribution: the ﬁrst peak around 5.0 ± 0.2 S is attributed
to the tetramer abcd, the second one with S20,w 9.7 ± 0.5 S, to the
dodecamer (abcd)3, and the last peak, centered at 56.4 ± 0.8 S, is
due to the contribution of the whole protein (see Table 2). Studies
for HbLt, in the presence of urea, at pH 7.0, show that the species
with S20,w around 8.6–10.0 S is associated to the dodecamer (abcd)3
[28]. Besides, other studies in the literature, for Lumbricus terrestis
hemoglobin, show that the dodecamer is formed in the dissocia-
tion process induced by alkaline pH, addition of urea and guanidine
(Gdm) salts [17]. Moreover, previous work by the Vinogradov
group suggested that the dodecamer is an obligatory oligomeric
, at pH 7.0. (A) Trimer abc, (B) dodecamer (abcd)3 and (C) monomer d. The insert in
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Fig. 5. Continuous sedimentation coefﬁcient distribution c(S) curves for HbGp, in 100 mmol/L acetate–phosphate, 50 mmol/L NaCl. (A) Oxy-HbGp at pH 8.0, (B) cyanomet-
HbGp  at pH 8.0 and (C) cyanomet-HbGp at pH 9.0. Protein concentrations of 100, 200 and 300 g/mL are used. The baselines for different protein concentrations are shifted
along  the ordinate axis to emphasize their differences. The S20,w for each concentration was  determined as the maximum of Gaussian curves. Absorbance was monitored at
415  nm.
Table 2
Sedimentation coefﬁcients, S020,w , in (S), molecular masses, MM,  in (kDa), and relative area, in (%), for three HbGp forms, at different pH values and 20
◦C, obtained by analysis
of  the sedimentation velocity (SV) data in the SEDFIT software.
HbGp forms pH Hydrodynamic properties Species observed
Monomer d Trimer abc Tetramer abcd Dodecamer (abcd)3 Whole protein
Oxy- 8.0 S20,w – – 5.0 ± 0.2 9.7 ± 0.5 56.4 ± 0.8
MM  – – 68 ± 2 206 ± 2 3600 ± 100
Area  (%) – – 4 ± 2 8 ± 3 88 ± 4
9.0 S20,w – – 5.1 ± 0.5 9.5 ± 0.6 58.5 ± 0.7
MM  – – 70 ± 4 202 ± 4 3650 ± 100
Area  (%) – – 25 ± 2 17 ± 2 58 ± 5
Cyanomet- 8.0 S020,w – – – – 59.1 ± 0.2
MM  – – – – 3600 ± 100
Area  (%) – – – – 100
9.0 S20,w – – 5.4 ± 0.8 10.6 ± 0.5 57.5 ± 0.6
MM  – – 72 ± 5 205 ± 1 3600 ± 100
Area  (%) – – 4 ± 2 9 ± 1 87 ± 2
Met- 5.0 S020,w – – – – 59.5 ± 0.6
MM  – – – – 3650 ± 50
Area  (%) – – – 100
7.0 S020,w – – – – 58.4 ± 0.6
MM  – – – – 3600 ± 100
Area  (%) – – – – 100
8.0 S20,w 2.14 ± 0.05 3.61 ± 0.05 5.7 ± 0.3 – –
MM  18 ± 1 52 ± 1 68 ± 2 – –
Area (%) 22 ± 2 71 ± 1 7 ± 1 – –
9.0 S20,w 2.0 ± 0.1 3.52 ± 0.06 5.4 ± 0.4 – –
MM  17 ± 2 52 ± 1 68 ± 1 – –
Area (%) 26 ± 4 68 ± 3 6 ± 1 – –
The molecular masses, MM,  were estimated by the SEDPHAT software using a global ﬁtting. The S020,w values were obtained from linear regression.
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Fig. 6. Partial SV experimental data showing the SEDFIT ﬁtting. (A) Plot show-
ing each fourth curve of absorbance (at 415 nm)  versus cell radius for met-HbGp
200 g/mL, in 100 mmol/L acetate–phosphate pH 8.0, containing 50 mmol/L NaCl.
The full lines represent the ﬁtting supplied by SEDFIT software as described in Sec-40 F.A.O. Carvalho et al. / International Journal
ntermediate in the dissociation process for the HbLt, in the pres-
nce of different denaturant agents [17,28]. Furthermore, the
eassembly of HbLt, in the presence of dication ion (Ca2+), also
nvolves the formation of the dodecamer subunit. Besides, these
tudies suggest that the afﬁnity of this species to O2 is similar to
hat of the whole protein [17,28].
The MM values found for these species are quite similar to
hose determined for the isolated fractions. The percentage contrib-
tions for each species, at pH 8.0 were 4 ± 2%, 8 ± 3% and 88 ± 4%,
or the tetramer, the dodecamer and the undissociated oxy-HbGp,
espectively (Table 2). Our results suggest that, at pH 8.0, oxy-
bGp undergoes only partial oligomeric dissociation since a high
ontribution of the whole protein remains (88%). At 300 g/mL
f oxy-HbGp, at pH 8.0 (Fig. 5A), only the undissociated species
s present in the equilibrium, while at 100 g/mL of oxy-HbGp
 percentage contribution of 14% (data not shown), associated to
etramer abcd and dodecamer (abcd)3 is observed, suggesting that
he dissociation process is strongly dependent on the protein con-
entration in the medium. The effect of protein concentration in the
bGp dissociation process was reported in a study by DLS, where
he increase of the protein concentration promotes the stabiliza-
ion of the HbGp oligomeric structure, inhibiting the dissociation
21], as a function of temperature. Furthermore, other studies show
hat oxy-HbGp, at pH 7.0, is very stable, presenting c(S) curves
onstituted by a single peak at 58 S.
At pH 9.0 the equilibrium in solution is constituted by the same
pecies found at pH 8.0. However, signiﬁcant differences in the per-
entage contributions were observed at pH 9.0 (see Table 2). Thus,
n increase in the percentage contributions from 4% to 25% for the
etrameric species and from 8% to 17% for the dodecamer (abcd)3
s observed. On the other hand, a decrease in the contribution of
hole protein from 88 ± 4% to 58 ± 5% suggests the loss in the sta-
ility of oxy-HbGp, at pH 9.0, due to the oligomeric dissociation
rocess. Previous studies by DLS, AUC and spectroscopic techniques
how that the alkaline pH above 9.0 induces the oligomeric dis-
ociation of the oxy-HbGp [4,20]. Additionally, no contribution of
maller species, such as, monomer d and the trimer abc, at pH
alues of 8.0 and 9.0 was observed, suggesting that in these pH
onditions, only partial protein dissociation occurs (Table 2). Previ-
us work, at pH 10.0, show that the oxy-HbGp is totally dissociated
nto monomer d and trimer abc [4].
For cyanomet-HbGp, at pH 8.0, a single peak is observed in
he distributions curves c(S), shown in Fig. 5B. This peak with
0
20,w 59.1 ± 0.2 S and MM of 3600 kDa is attributed to the whole
yanomet-HbGp. Identical results were observed at pH 7.0, for
yanomet-HbGp [11], where no contribution of smaller species was
bserved in the distributions curves c(S), due to the larger stability
f this form as compared to the oxy-HbGp. At pH 9.0, the distribu-
ions curves for the cyanomet-HbGp are similar as compared to the
xy-HbGp at pH 8.0 (see Fig. 5A and B). The distributions curves
t pH 9.0 for cyanomet- present three species: the ﬁrst peak at
.4 ± 0.8 S, is associated to the tetramer abcd, the second one with
20,w 10.6 ± 0.5 S is due to the dodecamer (abcd)3 and the peak
t 57.5 ± 0.6 S corresponds to the undissociated protein (Fig. 5C).
ur data show that cyanomet-HbGp is more stable than the oxy-
bGp, as suggested in previous studies [4,6]. The high stability of
he cyanomet-HbGp is due to the coordination of the CN− to the iron
eme, since this ligand shows a greater tendency to accept  elec-
rons from the heme iron than coordinated water. This interaction
esults in a trans-stabilization of Fe3+ His93 bond [19].
Table 2 shows that, at pH values 5.0 and 7.0, for met-HbGp a sin-
le species is present in the solution. The S20,w and MM values are
round 59.0 S and 3600 kDa, respectively, and are associated to the
hole met-HbGp. Fig. 6 presents data obtained from an SV analyti-
al ultracentrifuge run for met-HbGp, at 200 g/mL concentration,
t pH 8.0 (symbols). The SV analysis for this sample by the SEDFITtion  2. (B) Residual plot supplied by SEDFIT software showing the ﬁtting goodness.
(C)  Continuous sedimentation coefﬁcient distribution, c(S) curve, corresponding to
data in (A).
software is also included in this ﬁgure (Fig. 6A, full lines) and the
residual proﬁle is shown in Fig. 6B. The corresponding c(S) curve is
shown in Fig. 6C. The average value of root mean square deviation
error (rmsd) in the analyses of c(S) curves was 0.006 ± 0.002, while
the worst value found was  0.012, suggesting that the model used
in the data analyses was  satisfactory.
The distributions curves c(S), for met-HbGp, at pH 8.0, suggest
that the HbGp is fully dissociated, and only three species are present
in the solution: the ﬁrst species with MM of 18 ± 1 kDa and S20,w
of 2.14 ± 0.05 S is assigned to the monomeric subunit d; the second
one with a MM of 52 ± 1 kDa and S20,w of 3.61 ± 0.05 S is associ-
ated to the trimer abc, and the third species with a MM 68 ± 2 kDa
and S20,w of 5.7 ± 0.3 S corresponds to the tetramer abcd in the
solution. The sedimentation coefﬁcients and MM values obtained
for the three species are in good agreement with those reported
in previous studies for the oxy- and cyanomet-forms at pH 10.0
[4].
The relative percentage contributions for the monomer d, the
trimer abc and the tetramer abcd, at pH 8.0, are 22 ± 2%, 71 ± 1%
and 7 ± 1%, respectively for met-HbGp. Compared to oxy- and
cyanomet-forms, met-HbGp is quite unstable at pH 8.0, dissociating
into smaller subunits. At pH 9.0, the species present in the equilib-
rium, are similar to those found at pH 8.0, with similar percentage
contributions (Table 2). Literature reports suggest that the stability
of globins depend on the ligand to the iron in the heme group [17].
Thus, the met-HbGp is the less stable form due to the fact that the
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ater molecule coordinated in the sixth position is a weak ligand,
s compared to the oxy-HbGp that presents an oxygen molecule as
 ligand, and the cyanomet-HbGp that has a cyanide (CN−) one. This
igand effect on the oligomeric HbGp stability has been also noticed
n previous studies with a chaotropic agent [6]. In the presence of
rea, met-HbGp undergoes dissociation and unfolding processes,
t low urea concentrations, around 1.0 and 2.0 mol/L, while the
xy- and cyanomet-HbGp forms present a higher stability in the
resence of this denaturant.
. Conclusions
The monomer d, isolated from gel ﬁltration, has a tendency to
ligomerize into dimer d2, and tetramer, d4, while the dodecamer
ndergoes partial dissociation into tetramer abcd and the trimer
raction consists of a mixture of two species: trimer abc and the
abc + L) complex. Moreover, DLS studies suggest that the trimer
nd the dodecamer are less stable regarding the thermal unfol-
ing as compared to the whole protein, while the monomer is quite
table.
Our data show clearly that the oligomeric stability of HbGp,
n acidic–alkaline medium, depends on the iron oxidation state,
he speciﬁc ligand coordinated to the iron and the protein con-
entration. Thus, the order of stability in alkaline pH is given by:
yanomet- > oxy > met-HbGp. This observed sequence of resistance
o dissociation can be attributed to the fact that cyanide accepts
 electrons from the heme iron more easily than coordinated
ater (met-form), resulting in a greater stabilization of the oxi-
ized cyanomet-form as compared to oxy-HbGp. The met-form is
he less stable due to the weak ligand that allows easy changes to
ake place in the heme cavity, triggering oligomeric dissociation.
In summary, HbGp oligomeric dissociation process, at alkaline
H, occurs through the dissociation of larger structures into smaller
ubunits. The increase of the pH from 7.0 to 9.0 induces, in the ﬁrst
oment, the partial dissociation of the whole protein into larger
pecies, such as the dodecamer (abcd)3 and the tetramer abcd, fol-
owed by a second phase, where the smaller subunits, such as the
rimer abc and the monomer d, are the predominant species in the
olution. Therefore, the effect of pH on the HbGp oligomeric sta-
ility is similar to that associated to the urea-induced unfolding,
trongly dependent on denaturant concentration [6,31].
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